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Coordination structureWe review the Fourier-transform infrared (FTIR) spectroscopy of side-chain COO− groups of Ca2+-binding
proteins: parvalbumins, bovine calmodulin, akazara scallop troponin C and related calcium binding proteins
and peptide analogues. The COO− stretching vibration modes can be used to identify the coordination modes
of COO− groups of Ca2+-binding proteins to metal ions: bidentate, unidentate, and pseudo-bridging. FTIR
spectroscopy demonstrates that the coordination structure of Mg2+ is distinctly different from that of
Ca2+ in the Ca2+-binding site in solution. The interpretation of COO− stretches is ensured on the basis of
the spectra of calcium-binding peptide analogues. The implication of COO− stretches is discussed for
Ca2+-binding proteins. This article is part of a Special Issue entitled: FTIR in membrane proteins and
peptide studies.
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Fourier-transform infrared spectroscopy (FTIR) is a useful method
for investigating protein structures [1–8]. Among the infrared bands
created by the peptide group, the amide-I and amide-I′ bands have
been the most widely used in studies of protein secondary structures
in H2O and D2O solutions, respectively. The amide-I mode consists
mainly of the C O stretch of the peptide group (mixed with the N\H
bend and the C\N stretch) and gives rise to a strong infrared band
in the region of 1700–1600 cm−1. The amide-I′ mode also consistsdulin; TnC, troponin C
R in membrane proteins and
+81 47 300 7100.
rights reserved.mainly of the C O stretch of the peptide group, but the band position
of amide-I′ mode is very slightly downshifted due to the secondary
order of perturbation by the HD exchange at NH bond of the main
chain. The development of FTIR spectroscopy made it possible to
enhance the resolution of broad infrared bands by techniques such
as Fourier self-deconvolution [9–11], second-derivative, curve-ﬁtting,
difference calculation and two-dimensional correlation analysis [12–14].
Originally, the relationship between the positions of the amide-I band
obtained by using Fourier self-deconvolution and curve-ﬁtting and the
type of secondary structure was investigated experimentally for model
peptides and proteins of known three-dimensional structure by Byler
and Susi [3]. The general empirical rule in the infrared study of
proteins is to assign the individual amide-I bands resolved by
resolution-enhancement techniques to representative secondary
structures such as α-helix, β-sheet, β-turn and so on [1–8]. In
particular, to understand the secondary structures of proteins
2320 M. Nara et al. / Biochimica et Biophysica Acta 1828 (2013) 2319–2327qualitatively, second-derivative calculation has been widely and
conveniently applied to the FTIR spectra or FTIR attenuated total
reﬂection (ATR) spectra of proteins, after eliminating the contribu-
tion of solvent (H2O or D2O buffer) by a subtraction procedure.
FTIR spectroscopy also has potential in the study of protein
side-chains such as aromatic rings, \COO−, \OH, \SH, \CH3,
\CH2\ and so on, to elucidate the mechanisms underlying protein
reactions [7,8,15]. Wright and Vanderkooi indicated that FTIR proﬁles
for 20 amino acids and their metabolites are sufﬁciently characteristic
so that FTIR can be used to monitor enzymatic reactions involving
amino acids [15]. Barth has reviewed the infrared absorption of
amino acid side chains of proteins in H2O and D2O in detail [7,8]. In
this review, we focus on the metal coordination of the side chain
COO− groups of Glu and Asp on Ca2+-binding proteins, which plays
an important role in Ca2+-mediated functions [16–27].2. Implication of infrared COO− stretches
The carboxylate (COO−) groups can coordinate to metal ions in
four modes (Fig. 1): ‘unidentate’ (or ‘monodentate’), ‘bidentate’ (or
‘chelating’), ‘bridging’ (or ‘bridging bidentate’) and ‘pseudo-bridging’
modes [28,29]. When a metal ion interacts with only one oxygen
atom of a COO− group, the coordination structure is regarded as
unidentate. In the bidentate coordination mode, the metal ion inter-
acts equally with the two oxygen atoms of a COO− group. In the
bridging coordination mode, one metal ion binds to one of the two
oxygens in a COO− group and another metal ion to the other oxygen
atom. As a special case of the bridging mode, the pseudo-bridging
coordination mode features a water molecule replacing one of the
two ligands in the bridging coordination. Extensive infrared studies
have been done on the relationship between COO− stretching fre-
quencies and coordination types [28,30]. Deacon and Phillips [28]
have found a general tendency in the relationship between Δνa−s
(frequency separation between the COO− antisymmetric and sym-
metric stretching vibrations) and the coordination types of the
COO− group to metal ions by examining the structures and vibration-
al frequencies of a number of acetate salts in the solid state. TheFig. 1. Coordination structures of the side chain COO− groups to M2+ in (a) unidentate,
(b) bidentate, (c) bridging and (d) pseudo-bridging modes.frequency of the COO− antisymmetric stretch of the unidentate
species is higher than that of the ionic (metal-free) species, which is
in turn higher than that of the bidentate species. The reverse is the
case for the COO− symmetric stretch. As a result, the Δνa−s values
for unidentate, bridging, bidentate and ionic species are in the follow-
ing order:
Δνa−s unidentateð Þ > Δνa−s ionicð ÞeΔνa−s bridgingð Þ
> Δνa−s bidentateð Þ;
where Δνa−s (ionic) is approximately 160–170 cm−1. Ab initio
molecular orbital calculation (HF/6−31+G**) has revealed that
the correlation is related to changes in the CO bond length and the
OCO angle [31]. An equation for the relationship between the struc-
ture of the COO− group and the value of Δνa−s (in cm−1) is given as
Δνa−s ¼ 1818:1δr þ 16:47 θOCO–120ð Þ þ 66:8;
where δr is the difference between the two CO bond lengths (in Å)
and θOCO is the OCO angle (in degrees). This equation suggests that
the variation of 0.01 Å in δr or 1° in θOCO gives rise to a change of
16–18 cm−1 in the value of Δνa−s. Dudev and Lim have evaluated
vibrational frequencies and absolute intensities of the COO− stretches
by using density functional theory (DFT) calculation and suggested
that IR band intensities may be used to help interpret the IR spectra
of protein binding sites in the metal-free andmetal-bound states [32].
The empirical rule described above can be applied to other
compounds, such as amino acids (glutamic and aspartic) and
ethylenediaminetetraacetic acid (EDTA), although the value Δνa−s
(ionic) depends on the compound. When we apply this empirical rule
to the side-chain COO− groups contained in a protein in solution,
we see that the COO− group, which binds to M2+ (bicationic
metal ion) in the unidentate coordination mode in the solid state,
probably contacts water molecules in aqueous solution and may
become a ‘pseudo-bridging’ coordination mode. This is applicable
to [EDTA4−–Ca2+] complex in aqueous solution [20] and most of
the side chain COO− groups in the unidentate coordination mode
in Ca2+-binding proteins. As a result of the coordination of the
COO− groups to Ca2+ in the pseudo-bridging mode, the intensity
of the COO− antisymmetric stretching band becomes stronger by
the binding of Ca2+, not apparent in the case of the COO− symmet-
ric stretching band [20].
The bandpositions of COO− stretches due to theβ-COO− groupof Asp
and the γ-COO− group of Glu can be applied to the side chains of the
COO− groups of Asp and Glu of proteins, respectively: Asp νas(COO−)
1584 cm−1, νs(COO−) 1402 cm−1 and Glu νas(COO−) 1567 cm−1,
νs(COO−) 1407 cm−1 in D2O solution [7]. Usually, the behavior of
COO− symmetric stretch can be investigated by using protein samples
in H2O solution, where the handling of HD exchange in sample solution
is not necessary. However, it is difﬁcult to obtain information about the
behavior of the COO− antisymmetric stretch in H2O solution, because
the COO− antisymmetric stretching band overlaps with the amide II
band. Therefore, to obtain reliable infrared spectra in the region of
COO− antisymmetric stretch, exchangeable protons in the protein should
be completely deuterated by incubating the apo protein dissolved in D2O
in mild heating condition (e.g. for 60 min at 60 °C). If it is difﬁcult to ex-
change H for D completely for amide groups of membrane proteins and
biological systems, it is suitable to analyze the COO− symmetric stretch
alone. For example, the information about the coordination structures of
Ca2+ and Mn2+ has been successfully obtained for photosynthetic
oxygen-evolving center [33,34].
3. Parvalbumins
Parvalbumins (Parvs), which are ubiquitous in vertebrates, form a
group in Ca2+-binding proteins in parallel with calmodulin (CaM)
2321M. Nara et al. / Biochimica et Biophysica Acta 1828 (2013) 2319–2327and troponin C (TnC) [35]. The physiological function of parvalbumins
is Ca2+ buffer or Ca2+ signal modulator [36]. Parvs are classiﬁed into
two distinct phylogenitic lineages, named α and β, respectively, from
the comparison of amino acid sequences [37,38].α-Parvs are in general
longer by one residue and have higher pI values than β-Parvs.
Kretsinger and Nockolds [39] ﬁrst reported the three-dimensional
structure of carp Parv (isoform pI 4.25, β lineage) in crystal. According
to their results, which Moew and Kretsinger later reﬁned [40], this
protein is globular and contains six helical parts called the A–F helices
from the N-terminus, and has a feature common to Ca2+-binding
proteins, namely, the EF-hand motif, which is formed by about 30
amino acid residues consisting of the E and F helices (nearly perpen-
dicular to each other) and a connecting loop with a Ca2+-binding site
(EF site). Another domain of about 30 amino acid residues containing
the C and D helices also assumes a similar conformation to a
Ca2+-binding site in it (CD site). The Ca2+-binding site involves a
segment of a polypeptide chain having 12 continuous residues,
which are arranged to coordinate to Ca2+ with pentagonal bipyra-
mid symmetry, with seven ligands provided by ﬁve side-chain
oxygens of the carboxylate group etc., one backbone carbonyl
oxygen and one water oxygen. Two of the side chain ligands are
provided by a highly conserved bidentate Glu in the 12th residue.
The amino acid sequences of Ca2+-binding sites for Parvs are
described in Table 1, together with those of CaM and TnC.
An X-ray analysis of carp Parv pI 4.25 (β lineage) at 1.5 Å resolu-
tion by Kumar et al. [41] has shown that the Ca2+ ions in both the
CD and EF sites are 7-coordinate; the ligands in the CD site are
Asp-51, Asp-53, Ser-55 (O of the OH group), Phe-57 (O of the
main chain CO group), Glu-59 and Glu-62; and those in the EF
site are Asp-90, Asp-92, Asp-94, Lys-96 (O of the main-chain CO
group), Glu-101 and water-128. The COO− groups of all of these
aspartic acid residues and Glu-59 bind to Ca2+ in the unidentate
coordination mode, whereas those of Glu-62 and Glu-101 bind to
Ca2+ in the bidentate coordination mode.
The Mg2+ and Mn2+ ions have afﬁnities for the Ca2+-binding
sites in Parvs, but the association constants for Mg2+ are three to
four orders of magnitude smaller than those for Ca2+ [42,43]. Pike
Parv pI 4.1 is interesting for the purpose of studying the metal–ligand
interactions in Ca2+-binding proteins, because Declercq et al. [44,45]
have reported the X-ray structures (1.6–1.8 Å resolution) of this pro-
tein for not only the Ca2+-bound state but also the Mn2+-bound state
and a partially Mg2+-bound state where the Mg2+ ion is bound only
to the EF site. The primary structures of the two Ca2+-binding sites in
pike Parv pI 4.1 are exactly the same as those of carp Parv pI 4.25, andTable 1
Amino acid sequences of Ca2+-binding sites for Ca2+-binding proteins. Each asterisk
(*) indicates the position of the amino acid residues 1, 3, 5, 7, 9 and 12, which are ar-
ranged to coordinate Ca2+.
1 2 3 4 5 6 7 8 9 10 11 12
* * * * * *
Parvalbumin
(Parv)
Pike pI 4.1 CD D Q D K S G F I E E D E
EF D K D G D G M I G V D E
Pike pI 5.0 CD D A D A S G F I E E E E
EF D K D G D G K I D I D E
Carp pI
4.25
CD D Q D K S G F I E E D E
EF D S D G D G K I D V D E
Calmodulin
(CaM)
Vertebrate Site I D K D G D G T I T T K E
Site II D K D G N G T I D F P E
Site III D K D G N G Y I S A A E
Site IV D I D N D G Q V N Y E E
Troponin C
(TnC)
Rabbit Site III D R D A D G Y I D A E E
Chicken Site III D K N A D G F I D I E E
Akazara
scallop
Site IV D T D G S G T V D Y E Ethe X-ray structures of those two kinds of Parvs are essentially the
same. In contrast to the Ca2+-bound state, the COO− groups of both
Glu-62 and Glu-101 in the Mn2+-bound state of pike Parv are
unidentate. The COO− group of Glu-101 in the partially Mg2+-bound
form is also unidentate.
The comparison of the FTIR spectra of the metal-bound forms
(metal=Mg2+, Mn2+ and Ca2+) of pike Parv pI 4.1 leads to unique
identiﬁcation of bands that can be used as markers for the types of
coordination of the COO− group to the metal ion in Ca2+-binding
proteins. Fig. 2 shows the infrared Fourier self-deconvolved and
second-derivative spectra of the Mg2+-bound, Mn2+-bound and
Ca2+-bound states of deuterated Parvs: (I) pike pI 4.1, (II) pike pI
5.0 and (III) carp pI 4.25. Signiﬁcant differences are observed in the
region of COO− antisymmetric stretch; there are two bands, at 1584
and 1577 cm−1, in the Mn2+-bound form, while there is a single
band at 1584 cm−1 in Fig. 2(I) a and b and at 1582 cm−1 in
Fig. 2(I) e and f. The band at 1553 cm−1 in Fig. 2(I) e and f is charac-
teristic of the Ca2+-bound state.
The bands observed in the region of 1610–1550 cm−1 in Fig. 2(I)
are correlated to the local environments of the COO− groups in the
protein molecule.
(a) The band at 1553 cm−1 of the Ca2+-bound state is undoubtedly
due to the COO− groups of Glu-62 and Glu-101, which are
coordinated to Ca2+ in the bidentate mode. The fact that
this band is characteristic of the Ca2+-bound form agrees
completely to the results of X-ray analyses that the COO− groups
of Glu-62 and Glu-101 are bidentate only in the Ca2+-bound
form. The 1553 cm−1 band of the Ca2+-bound form is 14 cm−1
downshifted from the 1567 cm−1 band of free glutamate. This
downshift parallels that of the COO− antisymmetric
stretching band of the acetate anion ongoing from the
‘ionic’ state to the bidentate state.
(b) The band at 1577–1574 cm−1 in Fig. 2(I) c and d is probably
due to the COO− groups of Glu-62 and Glu-101 in the
Mn2+-bound state, which are unidentate according to
X-ray analysis [45]. This band is 7–10 cm−1 upshifted from
the 1567 cm−1 band of ‘free’ glutamate in parallel with the
upshift of the acetate ion ongoing from the ‘ionic’ state to
the unidentate. These unidentate COO− groups may change
to the pseudo-bridging coordination mode in solution,
since the upshifted value of 7–10 cm−1 is much smaller
than those observed for acetate salts going from the ‘ionic’
to unidentate state.
(c) According to the X-ray analysis of the partially Mg2+-bound
form [45], the COO− group of Glu-101 in this form is in the
pseudo-bridging state. The band at 1584 cm−1 of the
Mg2+-bound state may contain a contribution from (COO−) of
Glu-101 in the pseudo-bridgingmode, in addition to the absorp-
tion due to the ‘free’ COO− groups of aspartate residues.
A difference between the tertiary structure of α-Parvs and
β-Parvs has been recognized after the ﬁrst determination of the
solution structure of a typical α-Parv (pike pI 5.0) by three-
dimensional 1H nuclear magnetic resonance spectroscopy [46].
Although the tertiary structure of pike Parv pI 5.0 retains all the
features of pike Parv pI 4.1, the former differs from the latter in
the length of its C-terminal F-helix domain. This domain consists
of 11 residues in pike Parv pI 5.0 instead of ten in pike Parv pI 4.1.
It is suggested that the lengthening of the F-helix is accompanied
by the occurrence of stabilizing interactions between B and F
helices. The crystal structures of two α-Parvs from leopard shark
and rat have been reported [47,48]. Although shark Parv differs
by nearly 50% in the amino acid sequence from pike Parv pI 4.1
and carp Parv pI 4.25, the overall structure of shark α-Parv is
similar to those of the latter two typical β-Parvs. However, one
important difference is that there is a locking of the tertiary
Fig. 2. Fourier self-deconvolved (a, c, e) and second-derivative (b, d, f) spectra of (a, b) Mg2+-bound, (c, d) Mn2+-bound, and (e, f) Ca2+-bound parvalbumins: (I) pike pI 4.1,
(II) pike pI 5.0 and (III) carp pI 4.25. Deconvolution was performed according to the method described by Jones and Shimokoshi [11]. Second derivatives are multiplied by−1.
Fig. 2(I) is from Nara et al. [17].
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regions for the crystal structure of shark Parv: a hydrogen bond
exists between the side-chain of Gln-108 (F-helix) and Tyr-26
(B-helix). Similarly, the crystal structure of rat α-Parv has indicat-
ed the interaction between F-helix and B-helix.
The spectral patterns of Mg2+, Mn2+ and Ca2+-bound pike Parv
pI 5.0 (α lineage) (Fig. 2(II)) are, respectively, similar to those of
Mg2+, Mn2+ and Ca2+-bound pike Parv pI 4.1 (β lineage) in the
region of the COO− stretching modes. The amino acid sequences for
the Ca2+-binding sites (CD site and EF site) are conserved between
these Parvs, except for the second, fourth and 11th residues in the
CD site and the second, fourth, and tenth residues in the EF site.
Therefore, the similarity of the spectral patterns in the COO−
stretching modes is reasonable. The band at 1554 cm−1 for the
Ca2+-bound form is due to the COO− groups of Glu-62 and Glu-101
binding to Ca2+ in the bidentate coordination mode. The band at
1574 cm−1 for the Mn2+-bound form and the band at 1585 cm−1
for the Mg2+-bound form are due to the COO− groups in the
pseudo-bridging coordination mode.
The most intense peaks of amide-I′ for Ca2+-bound pike Parv pI
5.0 are observed at 1650 cm−1, although the most intense peaks is
at 1643 cm−1 for Ca2+-bound pike Parv pI 4.1. The difference of the
spectral proﬁle in the amide I′ region between these Parvs may be
due to the locking of the tertiary structure, because the secondary
structure of pike Parv pI 5.0 is identical with that of pike Parv pI 4.1.
The spectral patterns of Mg2+, Mn2+ and Ca2+-bound pike Parv
pI 4.25 (β lineage) (Fig. 2(III)) are, respectively, similar to those of
Mg2+, Mn2+ and Ca2+-bound pike Parv pI 4.1 (β lineage) in the
region of the COO− stretching modes. The band at 1553 cm−1 for
the Ca2+-bound form reﬂects the side chain COO− groups of Glu-62
and Glu-101 binding to Ca2+ in the bidentate coordination mode.
These COO− groups are thought to be pseudo-bridging in the Mg2+
and Mn2+-bound forms. Therefore, the interactions of Mg2+, Mn2+
and Ca2+ with ligands in carp Parv pI 4.25 are same with those in
pike Parv pI 4.10.4. Calmodulin
CaM regulates the functions of a wide variety of enzymes as a
Ca2+ sensor [49–51]. It has four Ca2+-binding sites (I–IV). X-ray
analyses [52,53] have revealed that these four sites are similar to
the EF-hand motif reported on parvalbumin [33], and that the
COO− groups of Asp and Glu, the CONH2 group of Asn, and so on
are coordinated to Ca2+. Bovine CaM has 17 Asp COO− groups and
21 Glu COO− groups in a molecule. Of these 38 COO− groups, 16
exist in the Ca2+-binding sites, and the COO− groups of the following
14 amino-acid residues are directly coordinated to Ca2+: Asp-20 (1),
Asp-22 (3), Asp-24 (5) and Glu-31(12) in site I; Asp-56 (1), Asp-58
(3) and Glu-67 (12) in site II; Asp-93 (1), Asp-95 (3) and Glu-104
(12) in site III; and Asp-129 (1), Asp-131 (3), Asp-133 (5) and
Glu-140 (12) in site IV, where the numbers in parentheses refer to
the local sequential order of the amino-acid residues in each
Ca2+-binding site consisting of 12 residues. Studies on CaM obtained
from various mutants have shown that the 12th Glu residues in sites
I–IV (Glu-31, Glu-67, Glu-104 and Glu-140) are essential for
Ca2+-binding [54], whereas the third Asp residue in site II
(Asp-58) and that in site III (Asp-95) are associated with intersite
cooperativity [55].
CaM binds various metal ions besides Ca2+ [56,57]. The correla-
tion between CaM activities and the metal-ion radii has been studied
by assaying CaM-dependent phosphodiesterase activity as well as
tyrosine ﬂuorescence [57]. FTIR and electron-spin-resonance spec-
troscopies and the assay of CaM-dependent myosin light-chain kinase
activity have also been applied to the study of the interaction
between CaM and various metal ions [58]. The interaction of CaM
with Mg2+ is interesting because CaM is thought to interact with
not only Ca2+ but also Mg2+ under physiological conditions [59].
Comparative studies on the binding effects of Ca2+ and Mg2+ have
been performed by using circular dichroism [60] and nuclear mag-
netic resonance [61] spectroscopies and isothermal titration calori-
metry [62–64]. Cd2+ is thought to be an effective substitute for
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(1.00 Å for Ca2+ and 0.95 Å for Cd2+).
FTIR studies on CaM have been reported by Trewhella et al. [65],
Rainteau et al. [58] and Jackson et al. [66], Zhang et al. [67], Nara et
al. [18,19], Yuan et al. [68], Pandyra et al. [69], Jones et al. [70], Wu
et al. [71], Sasakura et al. [72] and so on. The amide-I′ bands of CaM
in D2O solution have been analyzed by the method of Fourier
self-deconvolution, second-derivative spectrum and difference spec-
trum [65]. The metal-ion dependence of the half-width of the amide-II
band has been reported on undeuterated CaM in nujol [58]. The interac-
tions of CaMwith its peptides have also been studied by FTIR spectros-
copy in combination with the isotope-edited method [67,68] or
vibrational circular dichroism (VCD) spectroscopy [69]. The effect
of the Ca2+ coordination structure of CaM by methionine oxidation
has been investigated by FTIR [70]. Structural dynamics of CaM has
been explored by using amide H–D exchange coupled with FTIR
[71]. The secondary structural changes in Ca2+-saturated calmod-
ulin upon binding of an antagonist has been investigated by
two-dimensional correlation analysis [72].
FTIR spectra of M2+-bound CaM (M2+=Mg2+, Ca2+, Sr2+ and
Cd2+) as well as M2+-free (apo) CaM has been investigated in order
to determine the correlations between the FTIR spectra and the function
of CaM and to obtain information about structural changes induced by
M2+ binding [16,19]. By comparing the spectra of the Ca2+-bound
state with those of the M2+-free state, we have tried to ﬁnd bands
characteristic of active-type protein such as the Ca2+-bound state
and those of the inactive type such as the M2+-free state (Fig. 3).
Consequently, the marker bands of the active form are: (1) the
amide-I′ band at about 1661 cm−1, (2) the COO− antisymmetric
stretching band at 1553 cm−1 and (3) the COO− symmetric
stretching band at 1424 cm−1.Fig. 3. FTIR second-derivative spectra of the M2+-bound and M2+-free (apo)
states of calmodulin in D2O solution: (a) Mg2+-bound state; (b) Ca2+-bound state;
(c) Sr2+-bound state; (d) Cd2+-bound state; and (e) M2+-free state.
From Nara et al. [19].5. Akazara scallop troponin C
Muscle contraction of vertebrate skeletal and cardiac muscles is
regulated by troponin in a Ca2+-dependent manner [73]. Troponin
contains three components: TnC, troponin I and troponin T. TnC is
the Ca2+-binding component. In general, TnC contains two indepen-
dent Ca2+-binding domains, each consisting of two EF-hand motifs
[74]. Vertebrate TnCs bind three or four Ca2+ ions in a molecule
[75–77] and act as the Ca2+ switch of muscle contraction associated
with the binding and release of one or two Ca2+ ions in the
N-terminal domain. The N-terminal domain has thus been called
the regulatory domain and contains one or two low-afﬁnity
Ca2+-binding sites [78]. On the other hand, the C-terminal domain
has been called the structural domain and contains two high-afﬁnity
sites. They also bindMg2+ and are called Ca2+/Mg2+ sites. Although
the N-terminal low-afﬁnity sites are called Ca2+-speciﬁc sites, they
also bind Mg2+ very weakly [79,80]. Since the intracellular Mg2+
concentration is relatively high at about 1 mM [81,82], intracellular
Mg2+ ions are bound to the low-afﬁnity Ca2+-binding sites in addi-
tion to high-afﬁnity sites in resting muscle cells [80]. It is therefore
important to know the structural differences between the Ca2+-
and Mg2+-bound forms.
Invertebrate muscles also have troponin molecules, and their TnCs
bind less Ca2+ than do vertebrate ones, because they have lost the
Ca2+-binding ability at several sites due to the replacement of
amino acids critical to chelate Ca2+ [83]. Akazara scallop is an
invertebrate. Its striated adductor muscle contains TnC that
works as a Ca2+ switch of contraction [84], and it binds only one
Ca2+ ion at the C-terminal EF-hand motif [85]. Akazara scallop
TnC is thus a curious and interesting molecule, since it regulates
muscle contraction by binding a single Ca2+ ion.
The Ca2+-binding loop (site IV) of this protein is composed of
DTDGSGTVDYEE (residues 131–142) [85]. Applying the general rule
of the EF-hand motif [41,42] to this protein, the COO− groups of
Asp-131, Asp-133 and Glu-142 should coordinate to Ca2+ directly.
On the basis of the crystal structure of vertebrate TnCs [86,87] and
C-terminal domain of Akazara scallop TnC in complex with a troponin
I fragment [88,89], the COO− group of Glu at the 12th position in site
IV may coordinate to the Ca2+ ion in the bidentate mode and to the
COO− groups of Asp at the 1st and 3rd positions in the unidentate
mode.
Fig. 4 shows the FTIR absorbance and second-derivative spectra of
apo, Mg2+-bound and Ca2+-bound Akazara scallop TnC in D2O across
the range of 1750–1350 cm−1. Fig. 5 shows the 1750–1350 cm−1
region of the difference spectra between the M2+-bound and apo
states. The bands in the COO− antisymmetric stretching region for
Akazara scallop TnC have been interpreted in relation to the coordi-
nation structures of the COO− group and the peak positions of
COO− stretching bands mentioned above. 1) The 1543–cm−1 band
in Fig. 4c is due to side-chain Glu-142 COO− coordinated to the
Ca2+ ion in the bidentate mode. This band is not observed in
the Mg2+-bound state, and the intensity at 1567 cm−1 in the
Mg2+-bound state is the same as that in the apo state. There-
fore, this COO− group is not coordinated to Mg2+ directly. 2)
The bands at 1602 cm−1 for the Mg2+-bound state in Fig. 5a
and at 1592 cm−1 for the Ca2+-bound state in Fig. 5b indicate
that the COO− groups of Asp-131 and Asp-133 interact with
Ca2+ and Mg2+ in the pseudo-bridging mode. This is direct
evidence that Akazara scallop TnC interacts with Mg2+ in the
single Ca2+-binding site. 3) The shift of the COO− symmetric
stretch from 1396 to 1425 cm−1 in Fig. 5a also reﬂects that the
COO− groups interact with Mg2+ in the pseudo-bridging mode,
because the peak positions for the COO− symmetric and antisym-
metric stretching vibrations move together. In addition, the weak
band at 1605 cm−1 for the apo state and at 1610 cm−1 for the
Ca2+-bound state may be due to side-chain COO− groups.
Fig. 4. (I) FTIR absorbance spectra and (II) FTIR second-derivative spectra of (a) M2+-free, (b) Mg2+-bound and (c) Ca2+-bound Akazara scallop troponin C in solutions containing
40 mM HEPES-NaOD (pD 7.4) and 100 mM KCl.
From Yumoto et al. [23].
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Akazara scallop TnC has been proposed (Fig. 6). The Mg2+-bound and
Ca2+-bound states may be regarded, respectively, as the resting and
activated ones for muscle contraction, although the apo state may
be the resting one under physiological conditions. First, in the
Mg2+-bound state, Asp-131 and Asp-133 interact with the Mg2+Fig. 5. FTIR difference spectra of Akazara scallop troponin C induced by (a) Mg2+ bind-
ing and (b) Ca2+ binding.
From Yumoto et al. [23].ion in the pseudo-bridging mode, whereas Glu-142 does not interact
with the Mg2+ ion. Asp-139 may be a ligand for the Mg2+ ion. Next,
when Mg2+ is replaced by Ca2+ in the binding site by the stimula-
tion, Glu-142 interacts with the Ca2+ ion in the bidentate mode,
whereas Asp-131 and Asp-133 interact with the Ca2+ ion in the
pseudo-bridging mode. The Ca2+ afﬁnity is higher than the Mg2+ af-
ﬁnity, because Mg2+ has been easily replaced by Ca2+ but Ca2+ has
not been easily replaced by Mg2+ [23]. The Glu-142 COO− group
plays a critical role in the selectivity between Ca2+ and Mg2+ for
the Ca2+-binding site and may be critical for the afﬁnity for Ca2+.
Thus, it has been recognized that the side-chain COO− groups in the
Ca2+-binding site are important for the interaction of EF-hand
proteins with divalent metal ions and the selectivity between Mg2+
and Ca2+. The result about the Mg2+ ligation by Akazara scallop
TnC is close to the model proposed by Malmendal et al. [90]; Mg2+
binding occurs without ligation of the side-chain COO− of Glu at the
12th position in the Ca2+-binding loops of CaM.
FTIR spectroscopy has also been applied to study the coordination
structure of a divalent cation (M2+=Mg2+, Ca2+, Sr2+ and Ba2+)
bound in the E142D mutant (the mutant protein where Glu-142
residue is replaced with Asp) and the wild-type TnC C-terminal lobe
(C-lobe) [88,91]. The results have shown that the side chain COO−
group of Asp142 does not directly bind to Sr2+ or Ba2+, although
the side chain COO− group of Glu at the 12th position of theFig. 6. A schematic model of changes in coordination structure of the Ca2+-binding site
of Akazara scallop troponin C accompanying the exchange of Mg2+ with Ca2+.
From Yumoto et al. [23].
Fig. 7. Infrared second-derivative spectra for synthetic 17-residue peptide analogues
for site IV of Akazara scallop TnC (wild type) in (a) the apo- and (b) the Ca2+-loaded
states, E142D mutant in (c) the apo- and (d) the Ca2+-loaded states, E142Q mutant
in (e) the apo- and (f) the Ca2+-loaded states and E142A mutant in (g) the apo- and
(h) the Ca2+-loaded states in D2O solution. The amino acid sequences are
Ac-DTDGSGTVDYEEFKBLM-NH2 for the wild type, Ac-DTDGSGTVDYEDFKBLM-NH2
for the E142D mutant, Ac-DTDGSGTVDYEQFKBLM-NH2 for the E142Q mutant and
Ac-DTDGSGTVDYEAFKBLM-NH2 for the E142A mutant. The band at 1674 cm−1 is
mainly due to triﬂuoroacetate (TFA), which is thought to be introduced during puriﬁ-
cation.
From Nara et al. [25].
Table 2
The COO− antisymmetric stretching band positions of COO− groups of Glu in the
bidentate coordination mode at the 12th position of the calcium binding sites for
various EF-hand Ca2+-binding proteins and model peptide analogues.
Proteins or peptides νasym(COO−) Reference
Parvalbumin pike pI 4.1 1553 cm−1 Fig. 2(I), Nara et al. [17]
Parvalbumin pike pI 5.0 1554 cm−1 Fig. 2(II)
Parvalbumin carp pI 4.25 1553 cm−1 Fig. 2(III)
Bovine calmodulin 1552 cm−1 Fig. 3, Nara et al. [18,19]
Rabbit skeletal muscle troponin C site III 1552 cm−1 Nara et al. [26]
Akazara scallop troponin C wild type 1543 cm−1 Fig. 4, Yumoto et al. [23]
E142Q mutant, E142D mutant x Nara et al. [16,25,26]
recoverin 1544 cm−1 Ozawa et al. [22]
Ac-DRDADGYIDAEELAEIF-NH2 1555 cm−1 Nara et al. [26]
Ac-DTDGSGTVDYEEFKBLM-NH2 1545 cm−1 Nara et al. [25]
EF-hand proteins in the apo state x Nara et al. [16]
α-lactalbumin, equine lysozyme (non EF) x Mizuguchi et al. [20,21]
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tion mode [27]. This result suggests that the shortage of a methy-
lene group is critical for the M2+ coordination structure of
Akazara scallop TnC.
The spectral pattern of the Ba2+-loaded state is almost identical
with that of the M2+-free state, and it therefore is not clear whether
E142D binds to Sr2+ or Ba2+. We have conﬁrmed whether the E142D
mutant binds to them by adding Sr2+ or Ba2+ to the Mg2+-loaded
form because Mg2+-loaded E142D mutant shows a characteristic
band at 1600 cm−1, which is due to the Asp side chain COO− groups
binding to Mg2+ in the pseudo-bridging coordination mode [27]. As a
result, Mg2+ is completely replaced by Sr2+ but partially replaced by
Ba2+ in site IV, suggesting that the afﬁnity of the E142D mutant for
Ba2+ is weaker than that for Sr2+. Based on the Mg2+–M2+
exchange experiments, the afﬁnity of E142D mutant for M2+ is in
the order: Ca2+~Sr2+>Mg2+~Ba2+ [27].
The absence of a methylene group of Glu at the 12th position is
critical for Ca2+ binding because the side chain COO− group of
Asp142 for the E142D mutant does not bind to Ca2+ (ion radius,
1.00 Å) in the bidentate coordination mode. By using the wild-type
TnC C-lobe, it is conﬁrmed that the side chain COO− group of Glu at
the 12th position in site IV binds to Ca2+, Sr2+, and Ba2+ in the
bidentate coordination. The absence of a methylene group is not com-
pensated for by a larger metal ion such as Sr2+ (ion radius, 1.13 Å) or
Ba2+ (ion radius, 1.33 Å). The interaction of the Asp142 side chain
COO− group with Sr2+ or Ba2+ is not observed, suggesting that
Asp142 may not directly participate in Sr2+ or Ba2+ binding.
6. Synthetic peptide analogues of Ca2+-binding site
The use of the synthetic calcium-binding peptide approach has
provided valuable results for understanding the calcium-binding
properties thus far [92–95]. Calcium binding to a series of peptides
derived from site III of rabbit skeletal muscle TnC has been studied
by Reid et al. [92], who found that a 34-residue peptide is required
for relatively tight calcium binding. Shorter peptides have decreased
calcium afﬁnity, and the isolated 12-residue Ca2+-binding loop
binds to Ca2+ very weakly [93]. Thus, the length of the peptide is im-
portant for Ca2+ binding.
The coordination structures of Ca2+ ion bound to synthetic
peptide analogues of the calcium-binding site III of rabbit skeletal
muscle TnC have been investigated by FTIR spectroscopy [16,26].
The 34-residue peptide corresponding to the EF hand motif
(helix–loop–helix) has showed a band at 1552 cm−1 in the
Ca2+-loaded state, indicating that the side chain COO− group of
Glu at the 12th position serves as a ligand for Ca2+ in the bidentate coor-
dination mode [26]. The 13-residue peptide (Ac-DRDADGYIDAEEL-NH2)
containing the Ca2+-binding site III (DRDADGYIDAEE) does not show
such spectral patterns in the Ca2+-loaded state, meaning that shorter
synthetic peptide corresponding to site III has less or no afﬁnity for
Ca2+ [26]. The 17-residue peptide (Ac-DRDADGYIDAEELAEIF-NH2) is
the minimum peptide necessary for the interaction of side-chain COO−
of Glu at the 12th position with Ca2+ in the bidentate coordination
mode [26].
FTIR second-derivative spectra have been investigated for
synthetic 17-residue peptide analogues for Site IV of Akazara
scallop TnC (wild type) [Ac-DTDGSGTVDYEEFKBLM-NH2] and for
site-directed mutated ones (E142D, E142Q and E142A) in the
apo- and Ca2+-loaded states (Fig. 7) [16,25]. The peptide analogue
for the wild type shows a band at 1545 cm−1 in the Ca2+-loaded
state, which is not observed in the apo state. This band is almost
the same as that at 1543 cm−1 for Ca2+-bound wild-type Akazara
scallop TnC. Therefore, the band at 1543 cm−1 is undoubtedly
assigned to the Glu-142 side-chain COO− binding to Ca2+ in
the bidentate coordination mode. The peptide analogues for
site-directed mutants such as E142D, E142Q and E142A showedno band around 1545 cm−1 even in the Ca2+-loaded state (Fig. 7).
These results are consistent with those of the E142D and E142Qmutants
of Akazara scallop TnC. Consequently, it has been conﬁrmed that the
assignment of 1543 cm−1 for Ca2+-bound Akazara scallop TnC described
above using the synthetic peptide analogue approach is correct.
The physiological activity of Akazara scallop TnC has been reported
only in the wild-type and E142Q forms [96]. The Ca2+-loaded E142Q
mutant is inactive due to the replacement of Ewith Q at the 12th position
of site IV. The E142D mutant also may be inactive in the Ca2+-loaded
state, because the side-chain COO− group at the 12th position does not
serve as the ligand for Ca2+ directly. To elucidate the function of Akazara
scallop TnC, it will be necessary to investigate not only TnC alone but also
the troponin complex.
We summarize the COO− antisymmetric stretching band posi-
tions of COO− groups of Glu in the bidentate coordination mode at
the 12th position of the calcium binding sites for various EF-hand
2326 M. Nara et al. / Biochimica et Biophysica Acta 1828 (2013) 2319–2327Ca2+-binding proteins and model peptide analogues in Table 2. First,
FTIR for non EF hand Ca2+-binding proteins such as α-lactalbumin
[20], equine lysozyme [21] and so on, do not show the band due to
the bidentate COO− groups over the range of 1555 to 1540 cm−1,
because these proteins do not contain the COO− groups binding to
Ca2+ in the bidentate coordination mode. Needless to say, FTIR
spectra for EF-hand proteins in the apo state do not show this
band. As for the COO− groups of Glu at the 12th position binding
to Ca2+ in the bidentate coordination mode, representative
EF-hand proteins such as parvalbumins, CaM and vertebrate TnC
show a band at 1555–1550 cm−1 in the Ca2+-bound state, while
Akazara scallop TnC and recoverin [22] show the corresponding
band at 1545–1542 cm−1 in the Ca2+-bound state. These differ-
ences are thought to reﬂect the structural difference of the COO−
groups, as expected from the ab initiomolecular orbital calculation
[31]. Interestingly, the band positions for the site III of rabbit
skeletal muscle TnC (1552 cm−1) and Akazara scallop (1543 cm−1)
are, respectively, consistent with those of corresponding synthetic
Ca2+-binding peptide analogues (1553 cm−1 [16,26] and 1545 cm−1
[16,25]), which are composed of 17 residues, within 4 cm−1 error.
Therefore, the Ca2+ coordination structure of these proteins are
conserved for the 17-residue synthetic peptide analogues and
therefore 17-residue synthetic peptide analogues are expected to
become good model compounds for understanding the coordina-
tion structures of Ca2+.
7. Concluding remarks
FTIR spectroscopy is a powerful tool for identifying the coor-
dination structures of M2+ in Ca2+-binding proteins—that is, the
coordination structure modes of side-chain COO− groups. The
downshift of the COO− antisymmetric stretching mode from
1565 cm−1 to 1555–1540 cm−1 upon Ca2+ binding is a commonly
observed feature of FTIR spectra for EF-hand proteins. As can be
seen from FTIR difference spectra of Akazara scallop TnC induced
by Mg2+ binding and Ca2+ binding (Fig. 5), the upshift of the
symmetric stretching does not only mean that the COO− group
binds to M2+ in the bidentate coordination mode, but that the
COO− group binds to M2+ in the pseudo-bridging coordination
mode. Therefore, it is suitable to analyze the region of COO−
antisymmetric stretch in D2O solution in order to determine the
coordination mode of COO− groups of EF-hand proteins correctly.
Investigating synthetic peptide analogues by FTIR spectroscopy in
combination with site-directed mutagenesis, will make it possible
to more clearly identify the speciﬁc amino acid residues involved
in the coordination of metals to Ca2+-binding proteins.
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